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The b-carboline (bC) alkaloids occur throughout
nature and exhibit diverse biological activities. In
contrast to bC alkaloid synthesis in plants, the
biosynthesis in microorganisms remains poorly un-
derstood. The recently reportedMcbB fromMarinac-
tinospora thermotolerans is a novel enzyme pro-
posed to catalyze the Pictet-Spengler (PS) reaction
of L-tryptophan and oxaloacetaldehyde to produce
the bC scaffold of marinacarbolines. In this study,
we solved the crystal structure of McbB complexed
with L-tryptophan at 2.48 A˚ resolution, which re-
vealed the novel protein folding of McbB and the
totally different structure from those of other PS
condensation catalyzing enzymes, such as strictosi-
dine synthase and norcoclaurine synthase from
plants. Structural analysis and site-directed muta-
genesis confirmed that the previously proposed
catalytic Glu97 at the active-site center functions as
an acid and base catalyst. Remarkably, the struc-
ture-based mutants R72A and H87A, with expanded
active-site cavities, newly accepted bulky phenyl-
glyoxal as the aldehyde substrate, to produce 1-ben-
zoyl-3-carboxy-b-carboline.
INTRODUCTION
b-Carboline (bC; 9H-pyrido[3,4-b]indole) alkaloids constitute a
large group of indole alkaloids, which are terrestrial and marine
secondary metabolites. They are widely distributed in nature,
and their diverse biological features, including antitumor, anti-
viral, antiparasitic, and antimicrobial activities, has attracted
our attention for drug discovery (Cao et al., 2007; Nikam et al.,
2013). The structurally important bC scaffold is enzymatically
generated by the Pictet-Spengler (PS) reaction from tryptophan
(or tryptamine) and aldehyde. For example, strictosidine syn-
thase (STR) is a well-studied plant enzyme that catalyzes the
PS condensation of tryptamine and secologanin to produce tet-
rahydro-bC, 3a(S)-strictosidine, which is the key intermediate of
indole alkaloid biosynthesis in plants (Figure 1) (Kutchan, 1993;898 Chemistry & Biology 22, 898–906, July 23, 2015 ª2015 Elsevier LSto¨ckigt et al., 2008). The crystal structure of STR1 from Rauvol-
fia serpentina unveiled the detailed reaction mechanism and
active-site architecture, including the catalytic residue Glu309
and other key residues involved in substrate binding (Ma et al.,
2006).
Recent studies have revealed that the microbial bC alkaloids
are produced by totally different enzyme families from those
of plants (Aroonsri et al., 2012; Chen et al., 2013). Among
them, the recently reported McbB from Marinactinospora ther-
motolerans is a novel enzyme in marinacarboline biosynthesis.
Based on heterologous gene-expression experiments, McbB
was proposed to be a multifunctional enzyme that catalyzes
the PS reaction of L-tryptophan and oxaloacetaldehyde, as
well as decarboxylation and oxidation reactions, to produce
1-acetyl-3-carboxy-b-carboline (1) and 1-acetyl-b-carboline (2)
(Figure 1) (Chen et al., 2013). However, in some cases the decar-
boxylation and oxidation of tetrahydro-bC are catalyzed by other
proteins such as oxygenase and aromatase (Santos et al., 1998),
or even non-enzymatically (Nemet and Varga-Defterdarovic,
2008), to generate partially or fully aromatized bC scaffold.
Therefore, the contribution of McbB in the decarboxylation/
oxidation steps still remains unclear. The KSE_70640 protein,
which shares 32% identity with McbB, has also been proposed
to be involved in the biosynthesis of a bC, kitasetaline from
Kitasatospora setae (Aroonsri et al., 2012; Chen et al., 2013). In
addition, McbB homologs with unknown functions, sharing
20%–80%sequence identities withMcbB, arewidely distributed
in various microorganisms, including Gram-positive actinomy-
cetes, Gram-negative agrobacteria, and eukaryotic fungi (Fig-
ure S1). These proteins lack sequence similarity with the plant
PS reaction catalyzing enzymes, such as STR (Ma et al., 2006)
and norcoclaurine synthase (NCS) (Ilari et al., 2009), but interest-
ingly share moderate sequence identity with the microbial cucu-
mopine synthase from Agrobacterium rhizogenes (18% identity)
and the mikimopine synthase from Nicotiana glauca (24%
identity) (Brevet et al., 1988; Suzuki et al., 2001). The latter
two enzymes catalyze similar condensation reactions of L-histi-
dine and a-ketoglutarate to produce cucumopine and its
4-epimer mikimopine, respectively, in the hairy root and the
crown gall (Brevet et al., 1988; Suzuki et al., 2001). The catalytic
diversity of the McbB homologs is very intriguing. However,
there is currently no direct evidence as to whether these
microbial proteins, including McbB, actually catalyze the PS re-
actions in vitro, and thus the biosynthesis of bC alkaloids intd All rights reserved
Figure 1. Enzymatic Formation of b-Carbolines
Reaction schemes for (A) the synthesis of 1-acetyl-3-carboxyl-b-carboline (1) and decarboxylated 1-acetyl-b-carboline (2) via 1-acetyl-3-carboxy-tetrahydro-
b-carboline (1a) and 1-acetyl-3-carboxy-3,4-dihydro-b-carboline (1b) by M. thermotolerans McbB, and (B) strictosidine from tryptamine and secologanin by
strictosidine synthases.microorganisms is still poorly understood (Aroonsri et al., 2012;
Chen et al., 2013; Yan et al., 2014). Therefore, biochemical
characterizations and crystallographic studies are required to
understand the structures and functions of these presumed
PS reaction catalyzing enzymes, to provide a solid knowledge
base for bC biosynthesis in microorganisms.
We now report the first in vitro enzyme characterization and
crystal structure of M. thermotolerans McbB. Our biochemical
analyses established that McbB indeed catalyzes the PS reac-
tion to produce the bC scaffold, without any reducing co-factors.
In addition, the crystal structure complexed with the substrate
L-tryptophan revealed the unique protein folding of McbB. It
forms a novel hybrid structure consisting of a closed b barrel
and long a helices, in great contrast to the structure of the plant
R. serpentina STR1. The structure allowed us to identify the
active-site cavity, which is formed by the dimerization of McbB
monomers. Our biochemical and crystallographic analyses
thus revealed the intimate structural details of the McbB-cata-
lyzed bC-forming reaction.
RESULTS
Biochemical Characterization
Due to the lack of in vitro data for the McbB enzyme reaction,
we first conducted enzyme assays with the purified His6-
tagged recombinant McbB protein. The purified McbB protein
migrated as a single band with a molecular mass of 38 kDa
on SDS-PAGE, which is consistent with the calculated value
of 38.2 kDa. In contrast, the recombinant McbB yielded a mo-
lecular mass of 82.6 kDa in a gel-filtration experiment. Further-
more, a dynamic light-scattering analysis after the gel filtration
revealed a monomodal distribution, with a polydispersity value
of 20.9% and an estimated molecular mass of 85 kDa. These
observations indicated that the recombinant McbB is a homo-
dimeric enzyme.Chemistry & Biology 22,Incubations of the purified McbB with the two natural sub-
strates, L-tryptophan and oxaloacetaldehyde, yielded 1 along
with a minor product, 2 (Figure 2). The enzyme reaction showed
broad temperature optimum within a range of 40–60C,
but the activity was decreased to less than 10% at 30C. In
contrast, McbB did not afford any products when incubated
with L-histidine and a-ketoglutarate, the substrates of cucumo-
pine synthase (and mikimopine synthase) (Figure S2). We also
investigated the substrate specificity of McbB toward various
tryptophan analogs and aldehydes, as listed in Figure S3.
This revealed that McbB produced bCs from 5-methyl-DL-tryp-
tophan and 7-methyl-DL-tryptophan as substrates, whereas
D-tryptophan, a-methyl-DL-tryptophan, tryptamine, L-trypto-
phanol, L-tryptophanamide, 5-hydroxy-L-tryptophan, 5-me-
thoxy-L-tryptophan, 5-nitro-DL-tryptophan, and 6-methyl-DL-
tryptophan were not accepted (Figure 3). These results, along
with the previous report that McbB accepts 5-fluoro-DL-trypto-
phan as a substrate (Chen et al., 2013), suggest that McbB
strictly recognizes both the indole ring and the (S)-2-aminopro-
panoic acidmoiety of L-tryptophan. The steady-state enzyme ki-
netics analysis revealedKM= 26.2 mM, kcat = 1.53 10
2min1 for
L-tryptophan, with respect to the formation of 1, with a pH and
temperature optimum at pH 7.0 and 52C, respectively. Thus,
McbB exhibited 3.9- and 2.3-fold decreases in the kcat/KM values
for the formation activities of 3 and 5, respectively (Table 1).
Notably, McbB accepted methylglyoxal, formaldehyde, acetal-
dehyde, propanal, and isobutyraldehyde, as analdehydecounter-
part, to produce the following bCs, respectively: 1, 2 (Figure 2),
and the tetrahydro-bCs: 3-carboxy-tetrahydro-b-carboline (7),
(1S, 3S)- and (1R, 3S)-1-methyl-3-carboxy-tetrahydro-b-carbo-
line (8a and 8b), (1S, 3S)- and (1R, 3S)-1-ethyl-3-carboxy-tetrahy-
dro-b-carboline (9a and 9b), and (1S, 3S)- and (1R, 3S)-1-isopro-
pyl-3-carboxy-tetrahydro-b-carboline (10a and 10b) (Figure 3).
Here the stereochemistry of C1 of tetrahydro-bCs (8–10) was
unambiguously determined by the analysis of spectra from898–906, July 23, 2015 ª2015 Elsevier Ltd All rights reserved 899
Figure 2. The Enzymatic Reaction Products fromNatural Substrates
HPLC elution profiles of enzyme reaction products ofM. thermotoleransMcbB
from tryptophan and oxaloacetaldehyde or methylglyoxal.1H-nuclear magnetic resonance and nuclear Overhauser effect
spectroscopy. Incontrast, benzaldehyde,phenylglyoxal, oxaloac-
etate, and a-ketoglutarate were not accepted as substrates of
McbB (Figure S2). These results indicated that McbB exhibits
rather broad substrate tolerance for aldehydes, but the size of
the molecule is limited.
It is remarkable that product ratio (8a:8b and 10a:10b) of the
enzyme reactions was significantly different from that of non-
enzymatic reactions, in which the two substrates were treated
with sulfuric acid for 2 hr at room temperature (Figure 3). Thus,
when acetaldehyde and isobutyraldehyde were used as an alde-
hyde counterpart, (1R, 3S)-tetrahydro-bCs (8b and 10b) were
obtained as major products of the enzyme reactions, whereas
the major products of the acid treatment were (1S, 3S)-tetrahy-
dro-bCs (8a and 10a). On the other hand, when propanal was
used as a substrate, although (1S, 3S)-9awas themajor product,
the yield of (1R, 3S)-9b was slightly increased in the enzyme re-
action. These results clearly demonstrated that the stereochem-
istry of the C-C bond-forming PS reaction is controlled by the
enzyme.
Overall Structure and Active-Site Architecture
To reveal the structural details of the McbB-mediated PS reac-
tion, we solved the X-ray crystal structure of selenomethionine-
labeled McbB at 2.48 A˚ resolution (Figures 4A and S4A). The
crystallographic data and refinement statistics are summarized
in Table S1. The asymmetric unit contains four molecules, which
are arranged into two biologically active symmetric dimers, with
monomers A and B and monomers C and D related by a non-
crystallographic two-fold axis. The monomers are nearly iden-
tical to each other, with root-mean-square deviations (RMSDs)
of 0.2–0.3 A˚. The dimer interface buries908 A˚2, andmany elec-
trostatic interactions, hydrophilic and hydrophobic interactions,
and p-p interactions exist between the amino acids on the a he-
lices, which lie along a fairly flat surface (Figures 4A and S5A).
STR1 is reportedly a monomeric enzyme consisting of a six-
bladed, four-stranded b-propeller fold (Figure S4C), possessing900 Chemistry & Biology 22, 898–906, July 23, 2015 ª2015 Elsevier Lan active site near the pseudo six-fold symmetry axis to produce
strictosidine (Ma et al., 2006). On the other hand, the NCS from
Thalictrum flavum is a homodimeric enzyme that belongs to
the Bet v1-like superfamily. In the NCS, each monomer consists
of seven-stranded antiparallel b sheets, wrapped around a long
C-terminal helix and two small a-helical segments (Figure S4D),
and a catalytic tunnel is formed at the border of the antiparallel b
sheets and the long C-terminal helix to produce (S)-norcoclaur-
ine (Ilari et al., 2009). In contrast to the structures of these plant
enzymes catalyzing the PS reaction, the overall structure of
McbB is completely different from those of STR1 and NCS.
Remarkably, the McbB monomer exhibited a novel protein fold
consisting of two domains, a right-handed and eight-stranded
antiparallel N-terminal b-barrel domain covered by two short he-
lices, a long a helix and five a helices bundled within the C-termi-
nal domain (Figures 4A and S4B). Interestingly, despite the lack
of functional and sequence similarity, the N-terminal domain of
McbB is structurally homologous to cyclophilin A (CypA), which
belongs to a group of proteins that exhibit peptidyl-prolyl cis-
trans isomerase activity from Homo sapiens (PDB: 2X7K), with
an RMSD of 2.7 A˚ for the Ca atoms (Stegmann et al., 2010). In
contrast, the C-terminal domain is weakly similar to the signal
transduction histidine-protein kinase BarA from E. coli (PDB:
3IQT) and the DNA endonuclease I-MsoI from Monomastix sp.
(PDB: 1M5X), with RMSDs of 3.2 and 2.1 A˚, respectively, for
the Ca atoms (Nagasawa et al., 1992; Ashworth et al., 2006).
Unlike the plant STR1 and NCS proteins, the McbB dimer cre-
ates the active-site cavity between two monomers to bind
L-tryptophan (Figure 4A). The previously proposed catalytic
residue Glu97 is located on the loop between b6 and b7,
and protrudes toward the substrate tryptophan bound in the
active site (Figures 4A and 4B). The other residues forming the
active-site cavity are Val47 and Ser48 on the loop between b3
and b4, His51 and Tyr53 on b4, Arg72, Phe81, and Leu85 on
b5, His87 and Ala89 on b6, Leu99 on the loop between b6 and
b7, Arg212 and Tyr216 on a6, and Asn291, Asn294, Thr295,
and Leu298 on a9 in one monomer; and Phe206 and Glu210
on a6, and Thr246, Pro247, and Phe250 on a7 on the other
monomer (Figure 4B). The estimated total volume of the active-
site cavity and total area of the active-site entrance are
1,670 A˚3 and 57 A˚2, respectively. Although previously reported
site-directed mutagenesis studies suggested that Ile6, Asn24,
Leu27, Leu36, Tyr38, Gln42, His44, Asp71, Gln86, Lys91,
Tyr92, Glu110, Leu115, Glu170, Glu181, and Gly195 in the
McbB are important for the enzymatic activity (Chen et al.,
2013), in the structure of McbB, these residues are located
outside of the active-site cavity (Figure S5). This suggests that
these residues are important for the protein folding and the
active-site architecture rather than the catalytic functions.
Substrate Binding: L-Tryptophan
Despite the significant difference between the overall structure
of McbB and the plant PS reaction catalyzing enzymes, McbB
binds tryptophan in a manner similar to that of STR1 binding
tryptamine (Ma et al., 2006), but not to that of NCS (Ilari et al.,
2009). Thus, the side chain of the catalytic Glu97 in McbB recog-
nizes the amino group of tryptophan (3.6 A˚), which forms another
hydrogen bond with the side chain of Ser48 (2.6 A˚), while cata-
lytic Glu309 and the carbonyl oxygen atom of Phe308 interacttd All rights reserved
Figure 3. Substrate Specificity of M. thermotolerans McbB
(A) HPLC elution profiles of enzyme reaction products from methylglyoxal and 5-methyl-DL-tryptophan and 7-methyl-DL-tryptophan, respectively.
(B) Comparison of the products of enzyme reaction and acid treatment (see Supplemental Information). HPLC elution profiles of the products from L-tryptophan
and formaldehyde, acetaldehyde, propanal, and isobutylaldehyde, respectively.with the amino group of tryptamine as in the case of STR1 (Fig-
ure S6). Furthermore, the benzene ring of Phe250 from the
adjoining monomer and Leu85 stack the indole ring of L-trypto-
phan by the so-called indole sandwich, as found in the structure
of STR1, in which Tyr151 and Phe226 sandwich the indole ring of
tryptamine by p-p interactions (Figure S6) (Ma et al., 2006). In
addition, the hydroxyl group of Tyr53 and the amide protons of
Leu46 and Val47 form hydrogen bonds with the carboxyl group
of L-tryptophan (2.7 and 3.2 A˚, respectively). Notably, since the
aromatic ring of Tyr53 protrudes toward the a proton at the Ca
position of L-tryptophan, steric constraint occurs at this position.
To confirm the importance of these residues, we constructed a
set of site-directed mutants, and investigated their effects on
the enzymatic activity. First, the E97A mutant in which the previ-
ously proposed catalytic Glu97 residue was substituted with Ala
completely lost the enzyme activity (Figure 5A). Second, theChemistry & Biology 22,S48A and S48V mutants exhibited dramatic decreases in the
enzyme activity, while the S48T mutant retained activity compa-
rable with that of thewild-typeMcbB (Figure 5A). However, when
Tyr53 was replaced with Ala or Phe, both mutants almost
completely lost the activity. Furthermore, when Phe250 was
substituted with Ala, Tyr, or Trp, only the F250A mutant lost
the enzyme activity (Figure 5A).
In addition to these key residues, the aromatic ring of Phe206,
the acid side chain of Glu210, and the hydroxyl group of Tyr216
are respectively located at distances of 3.9, 3.4, and 3.1 A˚ from
the C4, C5, and C6 positions of the indole ring of L-tryptophan,
to precisely position the substrate in the active site (Figure 4B).
The steric constraint and electrostatic interactions at the C5 and
C6 positions of the indole ring explain why McbB can accept
5-methyl-DL-tryptophan, 7-methyl-DL-tryptophan, and 5-fluoro-
DL-tryptophan as substrates, but not 5-hydroxy-L-tryptophan,898–906, July 23, 2015 ª2015 Elsevier Ltd All rights reserved 901
Table 1. Steady-State Enzyme Kinetics Values
Enzyme Substrate KM (mM) kcat (310
2 min1) kcat/KM (mM
1 min1) Product
Wild-type L-tryptophan 26.2 ± 5.2 1.5 ± 0.07 0.55 1
methylglyoxal 142.5 ± 33.4 0.10 1
5-methyltryptophan 526.1 ± 85.3 7.2 ± 0.5 0.14 3
7-methyltryptophan 890.3 ± 97.6 21.1 ± 1.1 0.24 5
R72A L-tryptophan 5.1 ± 1.5 5.7 ± 0.9 11.13 1
methylglyoxal 428.4 ± 174 0.13 1
H87A L-tryptophan 573.1 ± 118 8.1 ± 0.8 0.08 1
methylglyoxal 737.6 ± 177 0.12 1
R72A/H87A L-tryptophan 197.8 ± 53.1 6.7 ± 1.1 0.34 1
methylglyoxal 738.9 ± 276 0.09 15-methoxy-DL-tryptophan, 5-nitro-DL-tryptophan, and 6-methyl-
DL-tryptophan. A similar case was also observed for STR1, in
which three hydrophobic residues, Val208, Val167, and Trp149,
restrict the substrate binding for tryptamine derivatives with bulky
groups at the C5 and C6 positions (Ma et al., 2006).
Substrate Binding: Aldehyde
As described, our in vitro analyses revealed that McbB shows
relatively broad substrate tolerance toward the aldehyde sub-
strate. To clarify the structural basis for the substrate recognition
and the catalytic mechanism of McbB, we performed a model-
building study and conducted site-directed mutagenesis of key
amino acid residues. The model structure of the McbB-trypto-
phan-oxaloacetaldehyde ternary complex predicted that the
aldehyde carbonyl of oxaloacetaldehyde is positioned proxi-
mally to the amino group of tryptophan and the side chains of
Ser48, His51, and Arg72 (3.5, 3.1, and 3.7 A˚, respectively) (Fig-
ure 4C). In addition, the a-keto group of the substrate is located
closed to the side chains of Ser83 (3.2 A˚) and His87 (3.3 A˚). Since
the PS reaction involves the formation of a carbinolamine, fol-
lowed by dehydration to yield the imine (Sto¨ckigt et al., 2011;
Maresh et al., 2008), the basic active-site residues His51,
Arg72, and/or His87 may act as proton donor(s) to the carbonyl
oxygen of the substrate, in amanner similar to that of the enzyme
reaction of NCS (Ilari et al., 2009).
However, the site-directed mutagenesis studies revealed
that the H51A substitution had almost no effect on the enzymatic
activity (Figure 5A). Furthermore, while the R72A substitution
significantly increased the bC-forming activity, H87A single
and R72A/H87A double substitutions resulted in a decrease in
activity. It was thus demonstrated that the three basic residues
His51, Arg72, and His87 are not essential for the enzymatic
reaction.
Steady-state kinetics analysis revealed that the R72A mutant
showed KM = 5.1 mM for L-tryptophan, KM = 428.4 mM for
methylglyoxal, and kcat = 5.7 3 10
2 min1, with respect to
the 1-forming activity (Table 1). On the other hand, H87A mutant
exhibited KM = 573.1 mM for L-tryptophan, KM = 737.6 mM for
methylglyoxal, and kcat = 8.1 3 10
2 min1, while R72A/H87A
mutant showed KM = 197.8 mM for L-tryptophan, KM =
738.9 mM for methylglyoxal, and kcat = 6.7 3 10
2 min1. Thus,
the R72A mutant exhibited 20-fold increases in kcat/KM for the
bC-forming activity, whereas H87A and R72A/H87A mutants902 Chemistry & Biology 22, 898–906, July 23, 2015 ª2015 Elsevier Lshowed a 7-fold and 1.6-fold decrease, respectively, compared
with wild-type McbB.
It should be noted that Arg72 and His87 are located on the
active-site entrance of McbB. The loss of bulky side chains of
the residues at these positions may increase the substrate
scope, especially for the aldehyde counterpart, since all three
mutants decreased the binding affinity for the aldehyde sub-
strate (Figure S7). To test this hypothesis, we performed the
enzyme reactions using bulky phenylglyoxal as a substrate.
Remarkably, these mutants newly accepted phenylglyoxal with
L-tryptophan to produce 1-benzoyl-3-carboxy-b-carboline (11)
(Figure 5B).
DISCUSSION
The in vitro enzyme characterization clearly demonstrated that
M. thermotolerans McbB catalyzes the PS reaction to produce
a bC scaffold from L-tryptophan and oxaloacetaldehyde or
methylglyoxal as an aldehyde counterpart. Moreover, our crys-
tallographic analysis and site-directed mutagenesis studies
support the proposal that the hydrogen bond networks and
hydrophobic interactions are essential for the molecular interac-
tions with the substrate, and explain the defined substrate spec-
ificity of McbB.
In the crystal structure, Arg72 protrudes toward the active-site
cavity and narrows down the entrance area. The large-to-small
R72A substitution presumably expands the substrate entrance,
which would facilitate the substrate binding and result in the sig-
nificant increase of the turnover rate of enzyme reaction. On the
other hand, although the bulky His87 also narrows down the cav-
ity entrance, this residue is located adjacent to Tyr53, and the
loss of imidazole ring at this position may increase the flexibility
of the side chain of Tyr53, whichwould cause the decrease of the
affinity to the substrates. Furthermore, the results also indicated
that Arg72 and His87 are likely to control the shape and volume
of the substrate binding site, which would explain why the wild-
type McbB does not accept the bulkier phenylglyoxal and benz-
aldehyde as substrates. Indeed, the model structures of R72A,
H87A, and R72A/H87A mutants suggested expansion of the
active-site cavity entrance of these mutants, and make enough
space to accept the non-physiological substrate phenylglyoxal.
These results support the notion that these residues do not
act as acid-base catalysts, but are important for the binding oftd All rights reserved
Figure 4. Crystal Structure and Docking
Model of M. thermotolerans McbB
(A) Overall structure of theM. thermotoleransMcbB
dimer. The catalytic Glu97 and the tryptophan
substrate are represented by black and green stick
models, respectively. Monomer A is silver. The a
helix and b sheet of the N-terminal domain in
monomer B are indicated by gold and pink cartoon
models, respectively. The C-terminal domain of
monomer B is colored blue.
(B) Close-up views of the active-site cavity. The
tryptophan molecule inM. thermotoleransMcbB is
depicted by a green stick model. The Fo-Fc elec-
tron density map of the tryptophan molecule is
represented as black mesh, contoured at +3.0 s.
Dashed cyan lines represent hydrogen bonds.
(C) Model structure of the McbB-tryptophan-ox-
aloacetaldehyde ternary complex. The trypto-
phan substrate and the oxaloacetaldehyde in
M. thermotolerans McbB are represented by
green and yellow stick models, respectively.substrates. Considering the absence of other candidates for
positively charged basic amino acid residues in the active site,
Glu97 is more likely to play the role of an acid and base catalyst
in the McbB enzyme reaction, in a manner similar to that of the
plant STR1 (Ma et al., 2006; Maresh et al., 2008).
McbB was previously proposed (Chen et al., 2013) to be a
multifunctional enzyme that mediates not only the PS condensa-
tion, but also the decarboxylation and oxidation of tetrahydro-
bC, to generate the fully aromatized bCs 1 and 2 (Figure 1).
Indeed, the possible reaction intermediates, tetrahydro-bC
(1a), dihydro-bC (1b), and decarboxylated products of 1b (2a
and 2b), were not detected in our in vitro experiments. However,
the crystal structure revealed the absence of acidic or basic res-
idues in the active site of McbB, which are thought to facilitate
the decarboxylation and/or oxidation reactions. Furthermore,
when tryptophan and oxaloacetaldehyde were incubated in
the buffer at pH 7.0, the non-enzymatic formation of small
amounts of 1 and 2 was observed, without the detection of 1a,
1b, 2a, and 2b, as in the case of the chemical synthesis (Nemet
and Varga-Defterdarovic, 2008). Thus, tetrahydro-bC 1a, formed
by the PS condensation of L-tryptophan and oxaloacetaldehyde,
would immediately undergo spontaneous oxidative aromatiza-
tion and decarboxylation to produce the bCs 1 and 2, even in
the absence of reducing co-factors, and under fairly mild condi-
tions (Figure 1).
Based on these observations, we propose that the catalytic
function of McbB is the formation of 1a, and that the tetrahy-
dro-bC released from the active site is immediately oxidized
and decarboxylated to generate the final product bCs 1 and 2,
in a non-enzymatic and spontaneous manner. It is remarkable
that the microbial McbB employs a mechanism similar to that
of the plant STR for the production of 1a (Figure 6) (Ma et al.,
2006; Maresh et al., 2008), despite the structural differences be-
tween the two enzymes. Thus, after the two substrates, trypto-
phan and oxaloacetaldehyde, are loaded into the active site,Chemistry & Biology 22,the catalytic Glu97 residue plays a crucial role in the PS conden-
sation reaction. The negatively chargedGlu97 abstracts a proton
from the amino group of L-tryptophan to facilitate the enzyme
reaction. The deprotonated amine then attacks the aldehyde
carbonyl of oxaloacetaldehyde to generate the carbinolamine
intermediate, which is subsequently converted into the iminium
species by dehydration, with the assistance of the protonated
Glu97 as the acid catalyst. The 6-endo-trig cyclization is facili-
tated by nucleophilic addition from the C2 position of the indole
ring to the iminium cation, with the loss of aromaticity. The
negatively charged Glu97 restores the indole aromaticity by
the deprotonation of the C2 proton on the indole ring, as the
base catalyst. Finally, the decarboxylation of the acetoacetate
moiety at the C1 position of the C ring constructs the tetrahy-
dro-bC structure (Figure 6), which is immediately oxidized and
decarboxylated, without any co-factors, to the final bC products.
In the case of acetaldehyde, propanal, and isobutyraldehyde
as an aldehyde counterpart, the product ratio of the McbB
enzyme reactions was significantly different from that of non-
enzymatic reactions. Thus, while (1R, 3S)-tetrahydro-bCs were
obtained as major products of the enzyme reactions, the major
products of the acid treatment were (1S, 3S)-tetrahydro-bCs
(Figure 3). Due to steric hindrance between the proton at the
C3 position and the alkyl chain at the C1 position, formation of
(1S, 3S)-tetrahydro-bCs should be favored in the non-enzymatic
reactions. On the other hand, the crystal structure of McbB
suggests that steric constraint between the alkyl chain at the
C1 position and the side chain of Glu97 and Ser48 interrupts
the production of (1S, 3S)-tetrahydro-bCs (Figure 4C). In con-
trast, there is enough space at the opposite side of Glu97 and
Ser48, which may explain why (1R, 3S)-tetrahydro-bCs are
obtained as major products in the McbB-mediated enzyme
reaction. These observations strongly suggest that McbB is res-
ponsible for the C-C bond-forming reaction to generate the tet-
rahydro-bC ring system in a stereoselective manner. It should898–906, July 23, 2015 ª2015 Elsevier Ltd All rights reserved 903
Figure 5. Structure-Based Mutagenesis Experiments of M. thermotolerans McbB
(A) HPLC elution profiles of the enzymatic reaction products from tryptophan and methylglyoxal by M. thermotolerans McbB mutants.
(B) HPLC elution profiles of the enzymatic reaction products from tryptophan and phenylglyoxal by the wild-type, the R72A and H87A single mutants, and the
R72A H87A double mutant of M. thermotolerans McbB.be noted that this stereoselectivity is different from that of STR1
andNCS enzymes, which produces (S)-strictosidine and (S)-nor-
coclaurine, respectively. This would be caused by the differ-
ences of the active-site architecture of the aldehyde binding
site (Maresh et al., 2008, Ilari et al., 2009).
In conclusion, the present biochemical and crystallographic
analyses revealed the intimate structural details of the McbB-
catalyzed formation of bCs. As described previously, McbB
homologs with unknown functions are widely distributed in
various microorganisms. Interestingly, the key active-site resi-
dues, including the catalytic Glu, are conserved in these McbB
homologs, and secondary structure predictions suggested that
these enzymes share similar protein folding with McbB (Fig-
ure S1). Moreover, investigations of the McbB homolog-contain-
ing gene clusters in fungi revealed that several gene sets are
conserved among these species, inferring that these clusters
produce related bC alkaloids. Further biochemical characteriza-
tions and structural analyses of these McbB homologs will pro-
vide useful insights into not only the structural basis for the novel
PS reaction catalyzing enzymes but also the biogenesis of bC al-
kaloids in nature.904 Chemistry & Biology 22, 898–906, July 23, 2015 ª2015 Elsevier LSIGNIFICANCE
bC alkaloids, which are widely found in nature, exhibit
diverse and interesting biological activities. The structurally
important bC scaffold is enzymatically generated by the PS
reaction from tryptophan (or tryptamine) and aldehyde.
While the characterization of PS catalyzing enzymes from
plants such as strictosidine synthase and norcoclaurine
synthase have beenwell elucidated, those frombacterial en-
zymes still remain unclear. McbB fromM. thermotolerans is
proposed to mediate not only the PS condensation but
also the decarboxylation and oxidation of tetrahydro-bC,
to generate the fully aromatized bCs. Our crystallographic
analysis revealed the novel overall structure and unique
active-site architecture of M. thermotolerans McbB. The
biochemical characterization and crystallographic analyses
revealed the intimate structural details of the enzyme-cata-
lyzed formation of the bC scaffold. Furthermore, our struc-
ture-based mutagenesis experiments demonstrated that
the expansion of cavity entrance increases the PS catalyzing
activity and broadens the substrate and product specificitytd All rights reserved
Figure 6. Schematic Representation of the Proposed Mechanism for the M. thermotolerans McbB Enzyme Reactionof M. thermotolerans McbB. These findings are important
not only for understanding the McbB-catalyzed enzymatic
reaction, but also for further investigations of the biogenesis
of bC alkaloids in nature.
EXPERIMENTAL PROCEDURES
The complete experimental procedures are available in the Supplemental
Information.
Materials
L-Tryptophan, D-tryptophan, tryptamine, methylglyoxal, 5-hydroxy-L-try-
ptophan, 5-methoxy-DL-tryptophan, 5-nitro-DL-tryptophan, 5-methyl-DL-try-
ptophan, 6-methyl-DL-tryptophan, 7-methyl-DL-tryptophan, formaldehyde,
acetaldehyde, propanal, isobutyraldehyde, benzaldehyde, phenylglyoxal,
oxaloacetate, and a-ketoglutarate were obtained from Wako Chemical.
a-Methyl-DL-tryptophan was obtained from Sigma-Aldrich. L-Tryptophanol
and L-tryptophanamide were obtained from Tokyo Chemical Industry.
Standard Enzyme Assay
McbB (50 mg) was incubated with 1 mM L-tryptophan and 10 mM oxaloacetal-
dehyde, in a final volume of 100 ml of 0.1 mM potassium phosphate buffer
(KPB) (pH 7.0) at 52C for 12 hr. The reactions were stopped by the addition
of ethyl acetate (EtOAc), and the enzyme reaction products were extracted
three times with 200 ml of EtOAc. The EtOAc was then evaporated, and the
samples were dissolved in MeOH. An aliquot of the sample (20 ml) was injected
into the high-performance liquid chromatography (HPLC) apparatus, and the
reaction products were eluted with a gradient of CH3CN from 10% to 100%
for 18 min and maintained at 100% for a further 5 min to separate the reaction
products. The absorbances of the enzyme reaction products were monitored
at 280 nm. For liquid chromatography-mass spectrometry analysis, the sam-
ples were prepared in the same way.
Crystallization and Structure Determination
Well-diffracting McbB crystals were obtained at 20C in 100 mM Tris-HCl (pH
7.0) containing 18% (w/v) PEG1000, with 17 mg/ml SeMet-labeled, purifiedChemistry & Biology 22,McbB solution, by using the sitting-drop vapor diffusion method. The crystal
was transferred into the reservoir solution with 23% (v/v) glycerol as a cryopro-
tectant, and then flash-cooled at 173C in a nitrogen-gas stream. X-Ray
diffraction datasets were collected at NW12A at the Photon Factory, Tsukuba,
Japan. Awavelength of 0.9790 A˚was used for data collection, based on the fluo-
rescencespectrumof theSEKabsorptionedge (Riceetal., 2000).Thediffraction
data forMcbB (SeMet)wereprocessedandscaledusing theXDSprogrampack-
age (Kabsch, 2010). SE sites were determined with AutoSol in PHENIX (Adams
et al., 2010; Terwilliger et al., 2009). The sites were refined and the initial phases
were calculated with AutoBuild in PHENIX (Adams et al., 2010; Terwilliger et al.,
2008). The structure was modified manually with Coot (Emsley and Cowtan,
2004) and refined with PHENIX (Adams et al., 2010; Afonine et al., 2012). The
crystals displayed considerable electron densities in all four of the crystallo-
graphically independentmonomers. Based on the quality of the electron density
map and the presence of the catalytic residueGlu97 near the electron density in
the active-site cavity, these electron densitieswere determined to be tryptophan
molecules.After thefinal refinementof thestructure,nomarkeddifferences in the
electron densities were observed in the vicinity of the modeled tryptophan mol-
ecules. The final crystal data and intensity statistics are summarized in Table S1.
A structural similarity search was performed, using the Dali program (Holm and
Sander, 1995). The cavity volumes were calculated with the program CASTP
(http://cast.engr.uic.edu/cast/). All crystallographic figures were prepared with
PyMOL (DeLano Scientific, http://www.pymol.org).
Site-Directed Mutagenesis, Expression, and Purification
The plasmids expressing the mutants ofM. thermotoleransMcbB (S48A, V, T;
Y53A, F; H51A, R72A, H87A, E97A, and F250A, Y, W) were constructed with a
QuikChange Site-Directed Mutagenesis Kit (Stratagene), according to the
manufacturer’s protocol. The primers used are listed in the Supplemental
Experimental Procedures. The mutant proteins were expressed and purified
according to the same procedure used for the wild-type McbB.ACCESSION NUMBERS
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